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Abstract 
1 
The anodic dissolution of Mo was studied in HCl-KCl 
solutions at 25°C. The apparent valences of Mo ions going 
into solution were approximately six. Lower values were 
obtained in HCl solutions, with the most pronounced changes 
occurring with the higher concentrations. The resultant 
ions in solution were Mo-VI. The Mo surface in aqueous 
solutions appears to be covered with an oxide whose approxi-
mate composition is Mo 2o5 . The anodic dissolution is 
controlled by the oxidation of the surface oxide (Mo 2o5 ) to 
Mo0 3 . 
Introduction 
The specific corrosion behavior of Mo in many aqueous 
solutions is still unknown although it is generally recognized 
as a corrosion resistant metal. Recent papers 1 - 4 have 
excellent bibliographies and summaries of work that have 
appeared in the literature sporadically since early in this 
century. This paper reports the results of dissolution and 
polarization studies carried out in acidic Cl- solutions. 
Experimental 
The Mo specimens for the electrodes were cut from a 
rod* of one-inch diameter. The electrode preparations and 
experimental procedures have been previously described. 5 
All solutions employed analytical grade chemicals and dis-
tilled water. Prepurified nitrogen was used for purging 
and stirring. The solutions for the studies were 3 and 10 
N HCl and HCl-KCl mixtures (unit ionic strength) of pH=O.lS 
to 2.1. The amounts of Mo dissolved were determined by a 
direct weight-loss method. Repetition of experiments 
showed that the ''apparent" valences calculated from the 
weight-losses were reproducible within ±2%. The polari-
zation measurements were made potentiostatically. The 
reference electrode was Hg/Hg2cl2 (l N KCl) used in con-
junction with a salt bridge of the same electrolyte as in 
the cell. All potentials are reported versus the standard 
hydrogen electrode (SHE) . The studies were carried out at 
25°C. 




Initial experiments showed that Mo is slowly attacked 
(dissolves spontaneously) in 10 N HCl. An electrode with an 
exposed surface area of 3.2 cm2 had a 3.1 mg weight-loss in 
24 hours. No weight-loss was detected in 3 N HCl or the 
HCl-KCl mixtures of higher pH under similar conditions. 
Valence Measurements. The results of the apparent 
valence measurements are shown in Fig. 1. In general, the 
values varied inversely with c.d. and Cl concentration. 
3 
They differ slightly from the value of +6 reported previously 
for sulfuric and dilute nitric acid solutions. 4 - 5 
During the electrolysis in 3 and 10 N HCl, a dark blue 
film formed on the Mo surface. Small portions of the film 
continually spalledoff the surface and dissolved in the 
anolyte, giving it a light brown color. In the HCl-KCl 
solutions, the surface films were almost black, but the 
solutions remained colorless. The films were analyzed using 
X-ray diffraction techniques, and although they were quite 
amorphous, lines were found indicating a small amount of the 
a-phase oxide (Moo 3 ) to be present. 6 The metal surface 
beneath the surface films remained smooth and shiny at low 
c.d.'s 1 but became dull at higher values. 
Reducing the anolyte after an electrolysis with SnC1 2 
gave the blue color (molybdenum blue) attributed to a 
mixture of Mo-V and Mo-VI. 7 The absence of any yellow-to-red 
color indicated the absence of Mo-VII species. 8 It was 
thus concluded that the Mo ions in solution were Mo-VI 
(probably HMoO~) in agreement with reports of other 
investigators. 
Polarization Measurements. Semi-logarithmic plots of 
4 
potential versus current density for the anodic polari-
zations are shown in Fig. 2. Each contains linear Tafel 
regions over l-3 decades of c.d. with slopes varying from 
0.055 to 0.072 v. The slopes along with the corresponding 
rest ''open-circuit" potentials are tabulated in Table I. A 
short semi-passivation region was found in solutions of 
pH=l.2 and 2.1, but none in the more acidic solutions. 
Relatively steady currents (<10% change per hour) were 
obtained over the potential ranges shown in the plots. At 
higher potentials, the film on the Mo surface appeared to 
thicken and was accompanied by a continual increase in the 
anode potential. At high current densities, the film spalled 
off the electrode surface. No gas evolution was observed. 
The plots of potential versus current density for the 
cathodic polarizations are shown in Fig. 3. The Tafel 
slopes were ca. -0.070 V. No significant currents were 
noted until the potentials were decreased to values below 
the reversible potential for hydrogen evolution. The Mo 
surface was slightly darkened as a result of the polariza-
tions. A limiting current was reached in the pH 2.1 
electrolyte at potentials below -0.53 V. 
The results of the potential decay studies are shown in 
Figs. 4 and 5. After anodic polarizations in 1 and 0.01 
N HCl (at potentials in the linear Tafel region) , the 
potential decayed to approximately the original rest value 
in 3-8 hours. A similar behavior was noted after cathodic 
polarization in 1 N HCl. 
Discussion 
The rest potentials for the Mo electrodes in acidic Cl 
solutions are shown in Fig. 6 along with values previously 
reported for H2so-K2so 4 and KOH-K2co3 -K 2so4 solutions. 4 ' 5 
The values are seen to be similar and to depend on the pH 
of the media rather than the nature of the anions present 
and correspond to the Mo 2o 5;H2Moo 4 couple. This indicates 
the surface film which gives Mo its corrosion resistance is 
the same in all these solutions* and apparently is not an 
insoluble chloride film as has been suggested. 8 The 
spontaneous (self) dissolution of Mo in 10 N HCl is likely 
due to the formation of oxychloro complexes 7 which allows 
corrosion to proceed. The hydrogen overpotential on Mo 
(as seen in Fig. 3) is not sufficient to give significant 
protection. 
The decreased apparent valences observed in Cl solu-
5 
tions indicate increased corrosion during anodic dissolution. 
This is also evidence of complexing. Although X-ray analyses 
*It was concluded in previous studies that the protective 
film was Mo2o 5 and that the rest potentials resulted 
from the Mo2o5;H2Moo 4 couple. 4 
-showed the surface films formed in SO~ and Cl solutions to 
be similar, they probably are not as thick as no or only 
slight passivation was found in the latter solutions 
(Figs. 1 and 2). The time required for the potential to 
decay to the initial rest value after anodic polarization 
(Figs. 4 and 5) indicates the formation of films with higher 
oxygen content during the polarization. However, the films 
are apparently unstable and either dissolve or are converted 
back to the original film when in contact with the electro-
lyte in the absence of any applied potential. This is 
suggested by the smooth potential decay back to the initial 
value with no arrests. The cathodic depolarization curves 
also decayed smoothly back to the intial rest value. These 
studies indicate that Mo possesses only one stable film in 
the Cl solution and that Mo has no tendency to dissolve at 
potentials lower than the observed rest value that might be 
associated with a lower valence state. 
Figure 1 shows the efficiency of the dissolution of Mo 
to Mo-VI to be nearing 100% at low current densities. Thus, 
the experimental reaction parameters (rest potentials, Tafel 
slopes, etc.) are associated with the anodic dissolution 
mechanism. These are basically the same as found previously 
for Mo dissolution in acid sulfate solutions 4 and are: 
(1) The rest potential is controlled by the 
Mo 2o 5;H2Moo 4 couple and indicates that the formation of the 




(2) The Tafel slopes (0.055-0.070 V) indicate the 
r.d.s. to be a chemical step following the first electron 
transfer from the Mo 2o5 . 
(3) The pH effect is approximately zero (0.1-3.0 N 
HCl) 1 but increases with increasing pH. 
These are consistent with the mechanism proposed previously 4 





The overall reaction involves the oxidation of Mo to Mo-VI. 
The rest potentials (at i=O) are controlled by the hetro-
geneous equilibrium between reactions (2) and (4) which 
occur subsequent to a complete coverage of the Mo surface by 
Mo 2o5 • As the pH of the electrolyte increases, OH apparently 
replaces H2o as a reactant in reaction (3). Reaction (5) 
probably also involves the formation of oxychloro complexes. 
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Captions for Figures 
1. The effect of current density on the apparent valence of 
Mo undergoing anodic dissolution at 25°c. 
( 0 1 pH = -1 . 0 i 0 I pH = - 0 • 6 ; b. I pH = 1 . 3 ; 
0 1 pH = 2.1; "il, pH = 0 .15) . 
2. Anodic polarization curves for Mo at 25°c. 
( 0 1 pH = -1 . 0 ; 0 , pH = - 0 • 6 ; b. , pH = 1 . 3 ; 
0 I pH = 2 . 1 i v ' pH = 0 • 15 ) . 
3. Cathodic polarization curves for Mo at 25°c. 
( b. I pH = 1 . 3 i 0 I pH = 2 • 1; \l I pH = 0 .15) . 
4. Anodic and cathodic decay curves for Mo in 1 N HCl at 
25°c. After anodic polarization at: 0 I 0. 53 V; 
• 1 0.47 V; 0, 0.43 V, after cathodic polarization 
at: A 1 -0.12 V; +, -0.20 V; • 1 -0.27 V. 
5. Anodic polarization decay curves for Mo in 0.01 N HCl-
0.99 N KCl at 25°C. After cathodic polarization at: 
b. 1 0.53 V; 0 1 0.43V; ~ 1 0.38V. 
6. Comparison of the measured "open circuit" potential-pH 
relation with those for various Mo-H2o reactions at 
25°C. ( 0 1 data observed by Chen; 4 1 data observed 
by Chi; 0 1 data observed by Hoh; V , data from 
Table I) . 
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REST POTENTIALS AND TAFEL SLOPES FOR THE POLARIZATION 
OF Mo IN Cl SOLUTIONS AT 25°C 
Electrolyte Rest Tafel Slope pH 
HCl KCl Potential anodic cathodic 
gmol/1 gmol/1 volts (SHE) volts volts 
10.0 -1.0 0.42 0.055 
3.0 -0.6 0.36 0.060 
1.0 0.15 0.36 0.060 
0.10 0.90 1.3 0.32 0.070 -0.070 






The following is a list of the major materials used in 
this investigation. 
l. Molybdenum. 99.9% purity, typical impurities (ppm)~ 
C, 150; O, 360; Al < 10; Cu < 10; Cr < 10; Fe < 10; 
H < 10; N < lOi Ni < 10. Electronic Space Products, 
Inc., Los Angeles 1 California. 
2. Mercurous Chloride. Reagent grade, meets ACS specifi-
cations. Fisher Scientific Co., Fair Lawn, N. J. 
3. Potassium Chloride. Reagent grade, meets ACS specifi-
cations. Fisher Scientific Co., Fair Lawn, N.J. 
18 
4. Nitrogen. Prepurified grade, Matheson Co., Joliet, Ill. 




The following is a list of the principal equipment 
components used in this investigation. 
1. Surface preparatio~ of molybdenum specimens. 
a. Belt Surfacer. Buehler No. 1250. Buehler Ltd., 
Evanston, Ill. 
19 
b. Hand Grinder. Handimet, 4-stage with grits Nos. 240, 
320, 400 and 600. Buehler No. 1470, Buehler Ltd., 
Evanston 1 Ill. 
c. Ultrasonic Cleaner. Model LP-1. Electromation 
Component Corp., L. I., New York. 
2. Electrolysis Apparatus. 
a. Power Supply. Model 500R Serial A-1493 Input 105-125 
volts 50-60 cycles D. C. regulated volts (0-600 
volts), Kepco Laboratories, Inc., Flushing, N. Y. 
b. Electrometer. Model 610B, Keithly Instruments, Inc., 
Cleveland 1 Ohio. 
c. Ammeter. Model 931, Weston Electric Instruments 
Corp., Newark, N.J. 
d. Power Resistor. Model 240-C, Clarostat MFG. Co., 
Inc., Dover, N.H. 
e. Potential Controller. Model 4100, Continental Oil 
Co., Anotrol Division, Ponca City, Okla. 
f. pH Meter. Model 19, Fisher Scientific Co., 
Pittsburgh, Pa. 
g. B·alahce. Type 2604, Sartorius-Werke Co., Germany. 
20 
APPENDIX C 
Apparent Valence Data 
TABLE II 
APPARENT VALENCE OF Mo DISSOLVING ANODICALLY IN 
ACID CHLORIDE SOLUTIONS AT 25°C 
Concentration Time Current* Weight-loss HC1 KCl Density experlment theory 
M M 
·---=-2--· 
sec amp. em gm gm 
10 8670 0.030 0.05360 0.0500 
2601 0.100 0.05360 0.0500 
3 8670 0.030 0.05271 0.0500 
2601 0.100 0.05190 0.0500 
1 94287 0.001** 0.05120 0.0500 
31429 0.003** 0.05151 0.0500 
26010 0.010 0.05199 0.0500 
13003 0.020 0.05201 0.0500 
8670 0. 030 0.05215 0.0500 
5202 0.050 0.05210 0.0500 
2601 0.100 0.05205 0.0500 
0.100 + 0.900 94287 0.001** 0.05117 0.0500 
31429 0.003** 0.05151 0.0500 
26010 0.010 0.05175 0.0500 
13003 0.020 0.05279 0.0500 
8670 0.030 0.05210 0.0500 
5202 0.050 0.05216 0.0500 
2601 0.100 0.05166 0.0500 
0.010 + 0.990 94287 0.001 0.05081 0.0500 
31429 0.003 0.05085 0.0500 
26010 0.010 0.05195 0.0500 
13003 0.020 0.05175 0.0500 
8670 0.030 0.05199 0.0500 
5202 0.050 0.05201 0.0500 
2601 0.100 0.05147 0.0500 
* of the electrode 1.16 2 except as noted. area = em 






























X-ray Diffraction Data 
TABLE III 
X-RAY DIFFRACTION DATA FROM THE BLACK PRECIPITATE FORMED 
DURING THE ANODIC DISSOLUTION OF MOLYBDENUM AT 25°C* 
Experimental Valu.es 






-2 1 N HCl, 10 ma.cm 
A.S.T.M. Values for Moo3 












THE CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC 
POLARIZATION OF Mo IN 10 N HC1 (pH=-1. 0) at 25°C 
v v I* i 10 3 
--·_,.. ..... -·- -· 
vo1ts,NCE vo1ts,SHE ma amp.cm -2 
-0.135 0.415 0.0000 0.00000 
-0.195 0.475 0.0031 0.00267 
-0.230 0.510 0.020 0.0172 
-0.240 0.520 0. 03 8 0.0327 
-0.250 0.530 0.059 0.051 
-0.260 0.540 0.093 0.078 
-0.270 0.550 0.181 0.155 
-0.280 0.560 0.242 0.207 
-0.290 0.570 0.389 0.336 
-0.300 0.580 0.468 0.410 
-0.310 0.590 0.770 0.664 
-0.320 0.600 1. 31 1.13 
-0.330 0.610 2.51 2.08 
-0.340 0.620 3.83 3.27 
-0.350 0.630 6.21 5.35 
-0.360 0.640 12.2 10.3 
-0.370 0.650 20.2 17.3 
-0.380 0.660 39.2 33.6 
-0.390 0.670 85.1 73.2 
-0.400 0.680 133.0 115.0 
-0.410 0.690· 241.0 208.0 
area of the electrode 1.16 2 = em . 
24 
TABLE V 
THE CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC 
























































































































THE CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC 




































































































THE CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC 
POLARIZATION OF Mo IN 0.1 N HC1-0.9 N KC1 (pH=1.3) at 25°C 
* 
v 


















































































































area of the electrode = 1.16 em 








































THE CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC 
POLARIZATION OF Mo IN 0.01 N HC1-0.99 N KC1 (pH=2.1) at 25°C 
* 
v 






























































































THE CURRENT-POTENTIAL RELATIONSHIP FOR THE CATHODIC 
POLARIZATION OF Mo IN l N HCl at 25°C 
v v I* ixl0 3 
volts, NCE volts,SHE -2 rna amp.cm 
-0.075 0.355 0.0000 0.0000 
+0.280 0.000 0.0034 0.0054 
+0.300 -0.020 0.0049 0.0077 
+0.320 -0.040 0.0061 0.0092 
+0.340 -0.060 0.0083 0.0131 
+0.360 -0.080 0.013 0.020 
+0.380 -0.100 0.019 0.030 
+0.400 -0.120 0.033 0.052 
+0.420 -0.140 0.049 0.077 
+0.435 -0.155 0.070 0.110 
+0.450 -0.170 0.103 0.164 
+0.465 -0.185 0.146 0.230 
+0.480 -0.200 0.220 0.346 
+0.510 -0.230 0.490 0.770 
+0.530 -0.250 0.730 1.55 
+0.550 -0.270 1.2 1.89 
+0.570 -0.290 2.6 4.10 
+0.590 -0.310 4.4 6.94 
+0.610 -0.330 24.0 37.8 
+0.625 -0.365 59.0 93.2 
area of the electrode = 0.635 cm2 
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TABLE X 
THE CURRENT-POTENTIAL RELATIONSHIP FOR THE CATHODIC 

























































































THE CURRENT-POTENTIAL RELAT.IONSHIP FOR THE CATHODIC 
POLARIZATION OF Mo IN 0.01 N HC1-0.99 N KC1 at 25°C 
v v I* ix10 3 
vo1ts,NCE vo1ts,SHE ma amp.cm -2 
+0.015 0.295 0.0000 0.0000 
+0.500 -0.220 0.0064 0.0100 
+0.550 -0.270 0.0081 0.0128 
+0.600 -0.320 0.031 0.0488 
+0.630 -0.350 0.096 0.150 
+0.650 -0.370 0.190 0.300 
+0.670 -0.390 0.310 0.489 
+0.690 -0.410 0.540 0.850 
+0.710 -0.430 0.780 1.23 
+0.730 -0.450 1.20 1.89 
+0.770 -0.490 1.50 2.37 
+0.810 -0.530 2.00 3.50 
area of the electrode = 0.635 cm2 
32 
APPENDIX G 































ANODIC POLARIZATION DECAY RELATIONSHIP FOR Mo 
1 N HCl (pH=O.l5) at 25°C 
Potential 




-0.075 0.355 Rest potential 










-0.075 0.355 Rest potential 











TABLE XII (CONT'D) 
Time Potential 
Hours volts,NCE volts,SHE Remarks 
0:00 
0:30 -0.080 0.360 
1:30 -0.077 0.357 
4:00 -0.075 0.355 
8:00 -0.075 0.355 Rest potential 
8:00+ -0.250 0.530 Polarization potential 
12:00 -0.250 0. 530 
12:00+ Ceased polarization 
12:30 -0.130 0.410 
13:30 -0.120 0.400 
14:00 -0.118 0.398 
16:00 -0.112 0.392 
20:00 -0.100 0.380 
28:00 -0.098 0.378 























ANODIC POLARIZATION DECAY RELATIONSHIP FOR Mo 
IN 0.01 N HC1-0.99 N KC1 (pH=2.1) at 25°C 
Potential 








-0.015 0.295 Rest Potential 












TABLE XIII (CONT'D) 
Time Potential 
Hours volts,NCE volts,SHE Remarks 
0:00 
1:00 -0.100 0.380 
2:00 -0.070 0.350 
3:00 -0.050 0.350 
4:00 -0.040 0.320 
5:00 -0.030 0.310 
6:00 -0.020 0.300 
6:30 -0.015 0.295 
8:00 -0.015 0.295 Rest potential 
8:00+ -0.150 0.430 Polarization potential 
12:00 -0.150 0.430 
12:00+ Ceased polarization 
12:30 -0.073 0.353 
13:00 -0.056 0.336 
13:30 -0.047 0.327 
14:30 -0.038 0.318 
15:30 -0.033 0.313 
16:30 -0.028 0.308 
17:30 -0.026 0.306 
20:00 -0.022 0.302 
24:00 -0.020 0.300 
28:00 -0.020 0.300 
38 
TABLE XIII (CONT 1 D) 
Time Potential 
Hours volts,NCE volts,SHE Remarks 
0:00 
1:00 -0.100 0.380 
2:00 -0.070 0.350 
3:00 -0.050 0.330 
4:00 -0.040 0.320 
5:00 -0.030 0.310 
6:00 -0.020 0.300 
6:30 -0.015 0.295 
8:00 -0.015 0.295 Rest potential 
8:00+ -0.250 0.530 Polarization potential 
12:00 -0.250 0.530 
12:00+ Ceased polarization 
12:30 -0.090 0.370 
13:00 -0.075 0.355 
13:30 -0.062 0.342 
14:30 -0.052 0.332 
15:30 -0.040 0.320 
16:30 -0.032 0.312 
17:30 -0.027 0.307 
20:00 -0.025 0.305 
24:00 -0.023 0.303 
































CATHODIC POLARIZATION DECAY RELATIONSHIP FOR Mo 
IN 1 N HCl (pH=0.15) at 25°C 
Potential 




-0.075 0.355 Rest potential 












-0.075 0.355 Rest potential 












TABLE XIV (CONT'D) 
Time Potential 
Hours volts,NCE volts,SHE Remarks 
0:00 
0:30 -0.080 0.360 
1:30 -0.077 0.357 
4:00 -0.075 0.355 
8:00 -0.075 0.355 Rest potential 
8:00+ 0.550 -0.270 Polarization potential 
12:00 0.550 -0.270 
12:00+ Ceased polarization 
12:30 0.145 0.135 
13:00 0.100 0.180 
13:30 0.050 0.230 
14:00 0.010 0.270 
14:30 -0.030 0.310 
15:30 -0.055 0.335 
16:30 -0.065 0.345 
17:30 -0.075 0.355 
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